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1, INTRODUCTION

Fremouw and Bates(ref.1l) and later Fremouw and Rino(ref.2) were the first
to attempt to produce an irregularity model by collating the data available in
the literature on the occurrence, strength, size, etc. of F-region ionization
density irregularities. They proposed an empirical model of global
scintillation behaviour taking into account variations due to time of day,
season, sunspot-cycle phase and latitude. An extension of this model to allow
simulation of spread-F occurrence as well as scintillation index was proposed
by Singleton(ref.3). This spread-F adaption of the model was used
subsequently to Dbetter define the sunspot <cycle dependence of the
model(ref.4). The need for the model to allow for the effects which magnetic
activity have on the behaviour of the irregularities was first addressed by
Pope(ref.5). He proposed a modification to the model to achieve this at high

latitudes. This paper indicates how the model can be further modified so as
to allow the simulation of the effect of magnetic activity on the
irregularities at the low latitudes. It also considers a further effect,

hitherto neglected in the mcdelling process, namely variations in irregularity
occurrence with longitude.

The model presented encompasses the effects of magnetic activity at all
latitudes, effects due to longitude, as well as the variations considered by
Fremouw et al. As evaluation of the model's parameters is carried out in
terms of irregularities with power law spatial statistics(ref.6) rather than
the Gaussian statistics used previously(ref.7), the model is thus applicable
to a wide range of tramsionospheric operating frequencies.

In Section 2 the importance of the use of power law statistics will be
considered and the latitude variation of irregularity shape employed in the
model will be defined. Section 3 outlines the implementation of Pope's
modelling of the high latitude magnetic activity effects, while Section 4
describes how the effects of magnetic activity at low latitude have been
included in the model. The incorporation of longitude effects in the model
are considered in Section 5. Section 6 outlines the method of modelling the
blackout factor which is required in the simulation of spread-F occurrence
statistics at the higher 1latjtudes. Section 7 describes checks of the
validity of the model with the aid of some independent data bases and the
implications and limitations of the model are discussed in Section 8.

2. IRREGULARITY SIZE AND SHAPE

Classically a Gaussian distribution of irregularity size was assumed in
scintillation studies(ref.7). The early scintillation observations, which
were carried out in the VHF region seemed to be explicable in terms of this
type of distribution which appeared to peak at a dominant scale size
approximately equal to the radius of the first Fresnel zone for this frequency
range, 1i.e. at about 1lkm. The reliability of the Gaussian distribution was
first thrown into doubt with the unexpected observation of scintillation at
gigahertz frequencies near the magnetic equator(refs.8,9). Subsequent in-situ
measurements (refs.10,11) and scintillation spectral studies(refs.12,13,14)
have shown that the irregularities in the F-region have a power law spectrum
involving a wide range of wavenumbers corresponding to dimensions ranging from
a few metres to tens of kilometres.

At any observing frequency, the scintillation mechanism is most sensitive
to those irregularities whose sizes are the order of the Fresnel
dimension(refs.15,7). Hence, while calculations based on the power law
spectrum of irregularity size vyield similar results to those based on the
classical Gaussian distribution at frequencies in the VHF region, the spectral
approach allows a more realistic interpretation of the observations in the
gigahertz frequency range. For this reason it is important that a model of
irregularity behaviour intended for universal application should not only
embody a power law irregularity spatial spectrum but, where observations of
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scintillation index are used to evaluate its parameters, the associated index
calculations should be based on the power law theory. The model outlined in
this paper has been constructed in this way.

It is convenient to define(ref.7) the scintillation index §, of a
fluctuating radio wave (whose amplitude is R) by

Ss = [R__“ - @) jl/z/a?)‘

In this case, it can be shown(ref.6) that, for weak scattering conditions in
the irregular ionosphere (i.e. when Po<1 radian),

where

S = 27 GoFER) )

¢o = r.m.s. phase level of the wave leaving the irregular region,

{w%(rek) AND b )* /z%cﬁko)l/z} (secx) ? @

i
I

filter function,

{1 - exp(-u) }1/2

f(B) = propagation geometric factor,

S (% 2+ )T /{2(2)1/2}

po= (Ag/2mk * = 2k P/kS

r = classical radius of the electron,

A = radio wavelength,

A h = thickness of the irregular layer,
z = mean distance between observer and the irregularities,
@« = axial ratio of the field-aligned irregularities,

B2 = cos’¥+ 03 sin? ¥

¥ = angle between ray and magnetic field

k0 = outer scale wavenumber of the irregularity spectrum
1

kf = Fresnel wavenumber = (47/Az)”°

X = ray's zenith angle at the ionosphere,

and AN = electron density fluctuation.
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The derivation of equation (1) is based on a power law irregularity

spectrum P, (k ,k ) of the form
AN v’ s
Py (k k)| 1+e(k 2+ k2)/k2 | P/2
ANYr’7s T s )
where p = the three-dimensional spectral index,
kg = the wavenumber component along the Earth's magnetic field and
kr = the wavenumber component radially in a plane normal to the field.

There is ample experimental evidence(refs.12,14) to suggest that p is about 4

and this value has been adopted in the model. Also, while equation (1)
applies to the weak scattering case, there is no equivalent strong scattering
expression for §4. Consequently, as in the previous modelling

studies(refs.1,2,5), equation (1) is applied universally.

The incidence of scintillation in the gigahertz range in the disturbed
equatorial region but not elsewhere implies that the concentration of strong
irregularities (AN/N large) of small scale size is higher in this region than
elsewhere. This was originally thought to be the result of a low outer scale
size (e.g. 100 m) in the irregularity spectrum(refs.16,17) coupled with
"normal" values of AN/N. More recently, it was pointed out(ref.18) that the
gigahertz observations are consistent with the monotonic power law
irregularity spectrum normally associated with VHF/UHF scintillation (outer
scale size ~ 10 km) Dbecause of the 1large irregularity amplitudes (AN/N
approaching 100%) that are often present in the equatorial region(ref,19).
This latter view is also consistent with the irregularity wavenumber spectrum
of monotonic power-law form between 7 km and 20 m obtained from in-situ
observations both in the equatorial region and elsewhere(ref.10,20,21).
Consequently, the present model has been constructed on the basis of a
wavenumber spectrum of monotonic power-iaw form involving an outer scale size
of 10 km.

The irregularities are believed to be elongated along the Earth's magnetic
field. Fremouw and Bates(ref.l) and Fremouw and Rino(ref.2) in their original
models assumed a constant value of ten for the elongation factor (@) at all
latitudes. This figure is probably justified in the equatorial region where
values of @ in excess of 7.5 have been observed(ref.22). However, at the high
latitudes (50 geomagnetic and above) values of ¢ in the vicinity of 5 have
been observed(ref.23). Consequently, in the present model g is represented by

a = 10 - 2.5[1+erf {(0 - 35)/10}]

which gives @ =10 for geomagnetic latitudes (@) from 0° to 15°,.a = 5 for 50
< 0 <90° and a smooth transition of @ from 10 to 5 between 15° and 50°
geomagnetic latitude.

3. HIGH LATITUDE MAGNETIC ACTIVITY BEHAVIOUR

Fremouw's original model of global scintillation behaviour(refs.1,2)
suffered from the limitation that it took no account of the well established
dependence of scintillation occurrence on magnetic activity (e.g. reference
24). By and large this dependence includes a correlation of scintillations
with magnetic disturbance which is negative in the equatorial region but which
is positive at magnetic latitudes in excess of 50°. The high latitude effect
is largely due to the equatorwards movement of the edge of the polar region of
high scintillation activity (the scintillation boundary) with increasing
magnetic activity(ref.25). Pope(ref.5) modified Fremouw's model so as to
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adequately represent the movements of the scintillation boundary caused by
changing magnetic activity. Pope's variant of the model will now be outlined.
The model of the incremental electron density (&N) in the irregularities
consists of four additive terms, the influence of each being dominant in
different regions of geomagnetic latitude, namely equatorial, mid, high and
auroral latitudes. These terms are functions of some or all of the following

parameters: local time (t hours), day of year (D days), geomagnetic latitude
(6 degrees), three hourly planetary K magnetic index (Kp) and the monthly
smoothed Zurich sunspot number (R). In order to retain the option of adding

variations involving other variables into the expression, a factor m has been
included in each term which allows the adjustment of its magnitude. Thus the
model is represented by

AN = meA Ne(R,D,t,G) m A Nm[t,9) +my A Nh(Kp,t,G) +m A Na(R,t,B)
(3)

where the subscripts e,m,a and h refer to the equatorial, middle, auroral and
high latitude regions respectively.

Using units of electrons/m® for electron density, the AN terms in equation
(3) are as follows(refs.2,5)

r C
AN, = 5.5x 10° (1+0.05R) L1-0.4 cos L41T(D+10)/365}].
[exp{— (t/4)2}‘ + exp{- (t«23.5)2_ /3.5"'}] exp{-(@/ee)2 } )]
A N, = 6x 10 {1+0.4 cos (Mt /12) { exp —(9-00)2 /91112 }
A Nh = 2,7 x 10° |:1+erf{(9-9b) / Bh }:| (5)
AN = 5.0x 10'R exp [}-{9-70+2 cos(ﬂt/12i§2 /% o.osR}z_J

where .
9b 68- [:0.75+0.25 cos{iﬂ(t-Zl)/lZ:}:}Kp-T.S cos{_n(t—Zl)/lZ:} (6)
Bh = 7-3 cos{lﬂ(t—Zl) / 12:} (7)

(o]

0 = 12° ,0_ =10 and 0 _ = 32.5°
m (o]

Singleton(ref.4) noted that the sunspot cycle variation of A N implied by
spread-F morphology(refs.26,27) is inadequately modelled by the above
equations. This position can be rectified however, if the following sunspot
number variations of 0 , Gm 0 , m,m o and m, are incorporated in the

model (ref.4). e ’ °

ee = -11.5R+34.5

Gm = 6.75+0.0165R-(3.25-0.0165R)cos (wD/182.5)

90 = -0.085R+49 (8)
m_ = -0.011R+3.2 9
m = -0.032R+8.6

m
m = -0.041R+11
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and m, = ~0.066R+15

Note that the polewards shift of the mid-latitude region from the position
employed by Fremouw and Rino(ref.2), which was found by Pope(ref.5) to be a
necessary adjunct to his modification of the ANh>term (equations(5), (6) and

(7)), is accommodated by equation(8).

4. LOW LATITUDE MAGNETIC ACITIVITY BEHAVIOUR

Contrary to its effect at high 1latitudes, at 1low latitudes increased
magnetic activity tends to inhibit the occurrence of both spread-F and
scintillation(refs.28,29). The effect is found to be more pronounced at
sunspot maximum than at sunspot minimum. The detailed nature of the
correlation between scintillation index and magnetic activity was investigated
by Koster(ref.30) whose results for Legon are reproduced in figure 1. Here
scintillation-index observations, obtained between July and December in a year
of high sunspot activity (1969), were first normalised so as to remove the
seasonal and diurnal variations and then plotted against the 24 h sum of the
appropriate day's Kp indiceS(SK). Though there is considerable scatter, the

diagram suggests that there is some value of SK below which scintillation
index is independent of SK and above which scintillation index 1is decreased
with increasing SK. Koster suggested a Kp sum of 30 as the boundary between
these two regimes.

4.1 The model employed

Section 4.2 considers the effect of magnetic activity on spread-F
occurrence season by season. There it will be suggested that the Kp sum
which separates the regime of constant response from that of inhibition
varies with season. In fact, the modelling process is best served by the
three lines drawn on figure 1, one for each of the seasons indicated.
Each of the lines 1is accommodated by the scatter and indeed they suggest
one plausible reason for the scatter at the higher S, values. In the
present context, the three lines are taken as the variation of
scintillation index with magnetic activity. The variation is incorporated

in the model by including in m, (equations (3) and (9)) a factor FK given
by
1=K = FC 0 < SK < BK (10)
Fe = Fo - A(S¢ - BY) BK<£SK <:(BK + Fo/AL) an
Fp = 0 5> (B * Fo/A) (12)
where

Fc = constant level of the magnetic factor FK for the
low values of SK and

AK = rate of decrease of FK for SK greater than its

critical value BK.
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The modified model can be tested against some scintillation index data
obtained at 45 MHz, at Accra(ref.29). The result of analysing this data
to obtain diurnal distributions for both the international maguetically
quiet days (circles) and disturbed days (crosses) during sunspot maximum
is reproduced in figure 2(a). Unfortunately, the data were not quantified
in terms of one of the well-known scintillation indices but rather in
terms of a subjective quantity called degree of scintillation. As
scintillation is quite severe in the equatorial region, it 1is not
unreasonable to expect the observers to adopt a maximum degree of
scintillation figure, namely 5, corresponding to a scintillation index of
1.0. On this basis, it is possible to employ the model, together with the
published Kp and sunspot number values, to simulate the degree of
scintillation throughout each of the international magnetically quiet and
disturbed days during 1957 at Accra. Averaging over all quiet and over
all disturbed days gives the diurnal curves shown as full and broken lines
respectively in figure 2 (a). The success of the modified model in
predicting the overall levels of scintillation activity under magnetic
quiet and disturbed conditions is immediately obvious.

Fremouw and Rino(ref.2) employed an equatorial diurnal factor which

(a) peaked at 2330 hours,
(b) fell off exponentially at earlier and later
times according to an exponent equal to the square
of the time from the maximum, and
(c) involved a time constant of 4 h before and 3.5 h after
the time the factor maximizes.
That is, the equatorial diurnal factor which appears in equation (4) is

Fil = exp |:- (t/4)? :\+ exp l:-— SL (t-23.5)/3.5 }2 J

In order to obtain a good fit between the predicted curves and the
experimental points on figure 2(a), this diurnal factor had to be modified
as follows. The peak was shifted to 2200 hours, the early evening
exponential fall-off required a time comnstant of 3 h and an exponent equal
to the fourth power of the time from the peak. On the other hand, the
late evening and early morning exponential decay required a time constant
of 7 h and an exponent equal to the ninth power of the time from the peak.
That is

F, = - (t/3)? 4 oexp| -1 (t-22)/7 }9 N
G N |

Koster and Wright(ref.29) also carried out an analysis using spread-F
occurrence data obtained at Ibadan which was similar to that described

above for their Accra scintillation  data. The resulting diurnal
distributions for the quiet days (circles) and disturbed days (crosses)
during sunspot maximum (1957) are shown in figure 2(b). In order to use

this data to evaluate and improve the AN model, it is necessary to employ
the following extension of the scintillation model to embrace spread-F
occurrence(ref.3).

The spread-F extension of the AN model combines the AN model with one
for the maximum electron density (N) of the F-layer(refs.31,32). It
assumes that the spread in critical frequency of the O ray CAfo) results

from the presence of irregularities at the peak of the height distribution
of the F-layer electron density. Consequently
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A fo = 8,98 x 10°¢ UN + AN)I/z - Nl/2 } (13)

where the units of MHz and electrons m~® are used for frequency and
electron density respectively. '

Since the models provide mean values of the distributions of N and AN
which might be observed at any location, time, season or epoch of the
sunspot cycle, Af 1is also the mean value of a distribution of possible
frequency-spreading events. Assuming that this distribution is normal and
involves predominantly positive values of Af, it can be shown(ref.3) that
the percentage occurrence of frequency spreading PS is given by

-

PS = 50 [1 - erf {\/Z(AfC/Afo - 1) }J 14

where Afc is the minimum spread in critical frequency, which can be

detected and which is of the order of 0.1 MHz for a conventional
ionosonde(ref.33).

Using equations (13) and (14), together with the AN model, it is
possible to simulate spread-F percentage occurrence data such as that of
Koster and Wright(ref.29) which is presented in figure 2(b). The curves
for magnetically quiet and disturbed days resulting from such calculations
are shown as full and broken lines respectively in figure 2(b).

As pointed out by Fremouw and Rino(ref.2), the scintillation index

modelling process is really a simulation of the product AN(Ah)%, where AN
is the incremental electron density in the irregularities and Ah is the
thickness of the irregular layer. The spread-F extension of the
model(ref.3), however, employs only AN. Consequently, a diurnal variation
in AN implied from scintillation data alone may be confused by any diurnal
variation in Ah. However, this will not be the case for diurnal
variations of AN obtained from spread-F data. It has been customary in F-
region irregularity modelling to date to use a constant value of A h,
namely 100 km, when considering scintillation data. However, the degree
of fit between the model and the spread-F data illustrated in figure 2(b)
can only be obtained if the AN diurnal variation, based on the
scintillation data, is altered to accommodate a Ah, in the equatorial
region, which is assumed to vary smoothly during the night from 10 km at
1800 hours to 100 km at 2400 hours and 1000 km at 0600 hours. That is Ah
is assumed to vary as

Ah = 10(1+t1§/6) s)

where tis is local time in hours from 1800 LMT. Consequently, the diurnal
factor in the equatorial term of the Fremouw and Rino model of AN has to
be modified so that when combined with this nocturnal variation of Ah, no

1
change is made to AN(Ah)? . This yields the following height corrected

diurnal factor
| -llt/3)2:| + exp [— %\(t-22)/7 }{l >/10(1+t1 8/6)/2 (16)

In this way, the modelling of scintillation index remains unaltered while
allowing a successful modelling of spread-F occurrence.

Fd = 10 <exp
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The postulated increase of A h during the night (equation (15)) is
consistent with the known behaviour of the F-layer irregularities in the
equatorial region. In this region spread-F first appears after sunset
well below the layer peak and spreads to the higher reaches of the layer
after midnight(refs.34,35). Further evidence indicating the tendency for
the irregular region to increase 1in depth as the night progresses is
provided by the Jicamarca radar observations of the irregular equatorial F
layer(ref.36). Here it 1is demonstrated that, as the night progresses,
plume-like irregularity structures extending over several hundreds of
kilometres of altitude span the layer peak.

Choice of the seasonal magnetic factors

Returning to the seasonal variation of the process of inhibition of F-
layer irregularities with increasing magnetic activity, some experimental
spread-F occurrence results due to Lyon, Skinner and Wright(ref.28) will
be considered. As shown in figure 3, sunspot maximum data were used to
produce diurnal percentage occurrence diagrams for magnetic quiet days
(circles) and disturbed days (crosses). In this case, the results average
the data obtained at several observing stations in the Afro-Indian zone
(20°W to 80°E longitude), while the curves simulated with the modified
model are appropriate to Ibadan (3.9°E).

Two changes to the seasonal dependence of the original Fremouw and Rino
model were found to be necessary in order to obtain the fit between the
simulated diurnal variations and the experimental variations illustrated
in figure 3. The first involves adopting the magnetic inhibition
relationships already described in Section 4.1, i.e. equations (10), (11)
and (12) where Fo is 1.05, By is 17 in the southern solstice, 19 in the

equinox and 27 the northern solstice and where (BK + FC/AK) is 45. The

second modification involves the overall seasonal variation in AN.
Fremouw and Rino(ref.2) model the seasonal variation as a simple
sinusoidal semi-annual variation peaking in the equinoxes (equation (4)).
However, as Koster(ref.30) points out, there is also a considerable annual
variation in scintillation index as observed at Legon and such a variation
has been included in the modified model. Fremouw and Rino's semi-annual
variation of amplitude 0.4 was replaced by one of amplitude 0.36 together
with an annual variation of amplitude 0.25. That is, the seasonal term in
equation (4), namely

FS = [1 - 0.4 cos{_41r(D+1|[))/'365}:|

was replaced by

{

Fg = L1 - 0.36 cos{é‘lr(D+10)/365 L4 0,25 cos{ 21r(D+10)/3165jJ 17)

>, -

Sunspot cycle effect

The investigation of scintillation at Accra and spread-F at Ibadan by
Koster and Wright(ref.29) ©besides giving the sunspot maximum results
modelled in figure 2, also presents similar results under sunspot minimum
conditions (1954). These are illustrated in figure 4 in which the quiet-
day results are again depicted by circles and disturbed-day results by
crosses. The modified model's predictions for both magnetic quiet and
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disturbed conditions (full and broken lines respectively) are also shown.
Only two changes are found to be necessary to produce the illustrated
degree of fit between the simulation and experiment. The first involves
the diurnal distribution factor. Here the peak is shifted from the
sunspot maximum value of 2200 hours to 2130 hours. Also, an exponent in
the late-evening and early-morning decay, which is equal to the second
power of the time from the maximum, is found to be necessary, rather than
one involving the ninth power, as at sunspot maximum. That is

Fa = exp [}-(1/3)4:}+ exp [} i(t~21.5)/6}2_J

The second modification involves the variation of the thickness of the
disturbed region throught the night. This is required to vary from 10 to
50 km from 1800 to 0600 hours in sunspot minimum as compared to 10 to 1000
km during this period in sunspot maximum. Hence at sunspot minimum

An = 100d*t18/18) (18)

and the height corrected diurnal factor becomes

F, = 10 <expl:$(t/3)4:] . expl:—~{(t—21,5)/6 }{:l>/10(1+t‘°/18)/2 (19)

Equations (15) and (18) can be generalized to give

Ah = 10U*ts)

Similarly equations (16) and (19) yield the general form

E, = 10 <exp|:~~(t/3)>4 :|+ exp[—v{ Ct%tm)/‘rm} ‘I:| >/10(1+t13/7'1 8)/2

and the variation from sunspot maximum to minimum conditions can be
accounted for in the model by employing the expressions

t = 21.5 + 0.0025R

T_= 6.0 + 0.005R
m

q = 2.0+ 0.035R

Tis= 18-0.06R

5. THE LONGITUDE DEPENDENCE AT LOW LATITUDE

Lyon, Skinner and Wright(ref.28) analysed spread-F data obtained during the

I.G.Y. at fifty-seven equatorial and near equatorial stations. They divided

the

stations into three geographic longitude =zones. The American =zone
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(longitudes 45 W to 85 W), African zone (longitudes 20°W to 80° E) and the
Asian zone (100°E to 160°E) and produced magnetic latitude wvariations of
occurrence, season by season, for each zone. Their data points are reproduced
in figure 5. The filled circles represent the observed occurrence situation
during magnetically quiet days and the crosses correspondingly  for
magnetically disturbed days. The curves drawn on figure 5 are not those drawn
freehand by Lyon, Skinner and Wright(ref.28) and should be neglected for the
moment .

As Lyon, Skinner and Wright point out, the points on figure 5 show that
there are longitudinal and seasonal variations in

(a) the overall occurrence of spread F,

(b) the extent of the occurrence reduction accompanying
magnetic activity

(c) the width of the equatorial region of enhanced
spread-F activity, and

(d) the position of the region with respect to either
the magnetic or geographic equator.

The following sections will consider the inclusion of these variations in the
irregularity model.

It should be noted that the results for the African zone (figures 5(b), (e)
and (h)) were derived from the same data used to produce the duirnal
variations of figure 3. As these duirnal variations have been accommodated by
the model already (Section 4.2), the model as described above should predict
the occurrence levels of the peaks for both quiet and disturbed days in
figures 5(b), (e) and (h). This is found to be the case. Of course the
model, as it stands, also predicts similar levels for all other longitudes
which is obviously erroneous.

5.1 Quiet-day occurrence

The quiet-day occurrence of spread F in the equatorial region (figure
5) not only varies with season and magnetic activity as discussed in
Section 4.2, it also varies with longitude. In order to establish a basis
on which to model the longitudinal-seasonal variation, the seasonal factor
(equation (17)) was replaced in equation (4) by a particular value which
will be called a peak occurrence factor. This was done for each of the
nine combinations of season and longitude displayed in figure 5. These
values were chosen so as to cause the model's prediction of spread-F
occurrence to fit the observed quiet day values at the equatorial
occurrence peak. These calculations employed the values of Kp and sumspot
number observed during the appropriate periods. As expected in the African
zone, the peak occurrence factors are as given by equation (17).

The points shown as filled circles, squares and triangles (without the
connecting lines) in figure 6(a) give the peak occurrence factor plotted
against the day of year for each longitude zone. In figure 6(b) the peak
occurrence factors are plotted in similar fashion against geomagnetic
longitude for each season. The modelling process now requires mathematical
expressions to be developed which will describe the variations of the peak
occurrence factor with day of year and longitude,

Examination of each of the three families of points in figure 6(a)
suggests that a semi-annual plus annual variation such as that suggested
in Section 4.2 (equation (17)) should adequately describe the seasonal
variations. Indeed equation (17) describes the form of the African zomne
(2=70°) variation.

Unfortunately the situation is not so clear cut in the case of the
longitudinal variations (figure 6(b)). The lack of information between
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200° and 360° geomagnetic longitude makes it difficult to model the
longitudinal variation unambiguously.

A simple sine curve could be fitted Lo the data points. When this is
done the curve is found to go negative over some 100" of longitude. This
intolerable situation could be overcome by assuming the peak occurrence
factor is zero or some small value in this longitude range. Such a model
would predict zero or light spread-F and scintillation occurrence in the
mid-Pacific area. However, as this is inconsistent with the sketchy
information available in this area(ref.37,38), this mathematical form was
rejected.

The longitude variation adopted involved a two peak variation of the
peak occurrence factor (FS) given by

Fg = p {1 + Scos §2 - Hcos(2 ) } (20)

The seasonal variation can be adequately included if the coefficients
in equation (20) are given by

e N T
P = EP|:1-APcos { 21 (D+10)/365 ] - SPcos { 4w (D+10) /365 j (21)
S = ES[:l—AScos{-Zﬂ[D+10)/365:§- SScos{:4w(D+10)/365:} (22)
H = EH[:l-AHcos{ 2ﬂ[D+10)/365:}e-SHCOS{_4W(D+10)/365:} (23)

Equations (20) to (23) inclusive generate a surface in the factor, day
of year, geomagnetic longitude three dimensional space. This surface fits
the experimental points and has the factor versus day of year and the
factor versus geomagnetic longitude cross-sections shown by the curves in
figures 6(a) and (b) respectively, when

EP = 0.628, AP = -0.0170, SP = 0.402

ES

-0.08, AS

1.375, SS

1.25

EH = 0.5, AH = -0.08, SH = -0.06

The implications of this and the other longitude variations chosen will be
considered further in Sections 7 and 8.

5.2 Critical value of Kp sum

From figure 5 it is obvious that the extent of the reduction in spread-
F occurrence accompanying increased magnetic activity varies with both
season and longitude. In Section 4.1 it was suggested that the occurrence
reduction occurs when the 24-hour Kp sum surpasses some critical value.
Variation of this critical value with season and longitude therefore,
provides the basis for a model of the magnetic activity effect. As
explained for the case of the peak occurrence factor (Section 5.1), the
critical Kp sum for each of the combinations of longitude and season
represented in figure 5 can be determined by forcing the model to
reproduce the disturbed day peak occurrences shown in figure 5. The
required values of the «critical Kp sums (BK? are plotted against day of

year and geomagnetic longitude as the points shown as filled circles,
squares and triangles (without the comnecting lines) on figures 6(c) and
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5

.3

(d). The points for the geomagnetic longitude of 70° in both these
diagrams are as obtained previously for this longitude (Section 4.2).

As described in the previous section for the peak occurrence factor, a
set of mathematical expressions are needed to represent the seasonal and
latitudinal variations implied by the points in figures 6(c) and (d). The
disposition of the points in figure 6(d) suggests that, in this case, a
simple sine function might be more appropriate than the double peaked
longitude function employed for the peak-occurrence factor. The annual
plus semi-annual seasonal function used for the peak-occurrence factor

also appears to be appropriate here. Thus the set of equations employed
are as follows:

By = K[:l-AKcos§:2n(p+1o1/36§ }:¢SKcos§’4ﬂ(D+10)/365 }-W (24)
where ‘ i

K = CKs;l + EKcos (R + ¥) } (25)

AK = CAK{l + BAKcos (§) + AK)} (26)
and

SK = CSKg:l + BSKcos (52 + ¢SK):} (27)

Equations(25) to (27) can be written more conveniently as:

K = KA + KEcos 2+ KCsin & (28)
AK = (AKA + AKEcos £ + AKCsin £2)/K (29)
SK = (SKA + SKBcos €2+ SKCsin £ )X<1 (30)

Equations (24) and (28) to (30) inclusive generate a surface in the
critical Kp sum, day of year, geomagnetic longitude three dimensional
space. This surface fits the experimental points and has the critical Kp
sum versus day of year and critical Kp sum versus geomagnetic longitude
cross sections shown by the curves in figures 6(c) and (d) when

KA = 24.61, KB = 6.88, KC = -6.89
ARA = -1.09, AKB = 2.09, AKC = 5.72
SKA = 22.57, SKB = 8.43, SKC = -6.87

Incremental width

Fremouw's original model of AN assumed that the equatorial region of
high activity was centred on the geomagnetic equator and fell off with
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latitude according to exp{—(O/Oe)z} where 0e is a constant "width" of 12°.

Examination of figure 5 suggests this is an approximation with regard to
both the position of the peak and its width. While the question of width
will be examined in this section and that of  peak position in the next
section, in practice the modelling procedures involved were necessarily
carried out in concert.

A value of Be was found which, when substituted for He in equation (4)

allowed the model (equation(3)) to adequately represent the spread-F data
for each of the seasons and longitudes represented in figure 5. The
corresponding incremental widths (A‘Be= 6; =Be) are plotted against day of
year and geomagnetic longitude as the points shown as the filled circles,
squares and triangles (without the lines) on figures 6(e) and (f). A group
of equations, similar to those used in the previous section, were found
which adequately model the distributions of points in figures 6(e) and
(f). These yield the curves shown in the figures and are

A Be T.:é—ATcos‘EZW(D+10)/365 }-~STcos {4W(D+10)/365 3:}
J

T = TA + TBcos §2+ TCsin
AT = (ATA + ATBcos £ + ATCsin £)/T
ST = (STA + STBcos §2 + STCsin £ )/T-1
where
TA = 4.86, TB = 3.14, TC = -0.994
ATA = 1.98, ATB = -0.98, ATC = -1.75
STA = 6.16, STB = 6.84, STC = -3.72

Latitude of the occurrence peak

As indicated in Section 5.3, the peak of irregularity activity in the
equatorial region is not always on the geomagnetic equator and the model
should allow for the deviations. This, together with the variations in

width just discussed, is taken into account by replacing the exp{—(@/@e)2}
I
term in equation (4) by ex{-{(l%@d)/(ﬂg A Be)j 2:'. Using the techniques

described in the previous three sections, the deviations can be found for
each of the seasons and longitudes represented in figure 5. These are
plotted against day of year and geomagnetic longitude as the points
(filled circles, squares and triangles) on figures 6(g) and (h). A set of
equations can then be found which will model these variations in Gd and

yield the lines drawn on figures 6(g) and (h). The resulting expressions
are

0d = V{i-AVcos{?ﬂ(D+10)/365J—SVcosi&ﬂ(D+10)/365}-J
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V = VA + VBcos £+ VCsin £
AV = (AVA + AVBcos f + AVCsin Q)/V
SV = (SVA + SVBcos I+ SVCsin Q)/V-1
where
VA = -0.508, VB = -1.74, VC = 3.30
AVA = -2.721, AVB = -5.78, AVC = 5.0
SVA = -0.873, SVB = -1.13, SVC = 3.47

5.5 Total longitude dependence

When the four longitude variations discussed above are included in the
model, which is also supplied with the observed values of Kp and sunspot
number, the resulting latitude distributions for each of the seasons and
longitudes of figure 5 are as shown by the curves on that figure. The
full-line curves represent the quiet day situation, while the broken lines
are for disturbed days. As expected, the model provides a good simulation
of the experimental situation.

Further confidence in the model can be obtained by comparing its
predictions with experimental latitude versus local time contour diagrams
of spread-F occurrence(ref.28). The full-line contours on figure 7 give
the experimental results for each of the seasons and quiet and disturbed
days in the African zone. The broken-line contours give the model's
predictions. Figure 8 allows a similar comparison to be made for the
American zone. The experimental data employed in the production of
figures 7 and 8 is the same as that used for figure 5. These successful
comparisons indicate therefore, that the latitude, longitude, seasonal and
Kp variations modelled with the aid of figure 5 are apparently wvalid
independent of the diurnal variation. Further tests of the validity of
the model will be discussed in Sectiom 7.

6. BLACKOUT FACTOR

At latitudes in excess of a critical value BC (about 70° geomagnetic), the

adaption of the AN model to simulate spread-F occurrence (described in
Section 4.1, equations (13) and (14)) requires the inclusion of a blackout
factor(ref.3). This factor, which is applied directly to the occurrence
probability predicted by equation (14), is believed to be due predominantly to
the effect of polar blackout on an ionosonde's ability to detect spread-F.
The general form of the blackout factor (B) is as follows:

B = <1+A.[}os {Zﬂ(t—T)/24 }— 1 ;} C[:cosg 4am (t-1) /24 }- 1.)
e M A

exp i- @ -0,/ sz (31)

Here the two coefficients A and C together with the epoch ¥, critical
latitude BC and latitudinal decay parameter f are known to vary with season,

i.e. D, and sunspot number R(ref.4).
Using the modelling techniques described in Section 5 and data on A, C, T,
Bcand # given in Singleton(ref.4), it is possible to develop a blackout model
P
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on the basis of equation (31) where

\ .
A = (0.14-0.000275R) [1—(0.7857-0.000987R) cos 21r(D+10)/365/§
-(0.2149-0. 000777R) cos{ am (D+10)/365} (32)
C = (0.025+0.0003R) [1+(2-0.01R) cos{Zﬂ'(D+10)/365}
+(1-0.01R) cos i41r(D+10) /365}] (33)
T = (2.75+0.005R) |-1+o.00732 cos {ZW(D+10)/365}
+(0.091+0.0032R) cos £4W(D+10)/365 }:] (34)
0o = (66.25-0.0063R) [ 1+(0.0377-0.0096R) cos 21r(D+10)/365}
+(0.0189-0.00048R) cos g AT (D+10) /365} (35)
and
0, = (229.5+0.019R) [ 1+(0.6144-0.00021R) cos 21r(D+10)/365}
~(0.3072-0.00011R) cos | 47 (D+10)/365} (36)

Equations (32) to (36) inclusive coupled with equations(13) and (14) allow
the AN model to be converted to a spread-F model applicable at all latitudes.

7. TESTS OF THE MODEL'S VALIDITY

Having developed the model considerably from the initial attempts of
Fremouw and Bates(ref.1l) and Fremouw and Rino(ref.2) by incorporating
information from a number of published data bases, it is of interest to
attempt to test the model's validity against other independent data bases.
The major changes to the original model initiated in this paper involve the
equatorial region and consequently the checks to be described involve this
region.

7.1 The longitude variation

Besides the study of equatorial spread F by Lyon, Skinner and
Wright(ref.28) used in the formulation of the model, it is difficult to
find suitable direct observations of scintillation or spread F against
which to check the adopted longitude variation. However, there does exist
a significant indirect  observation of the longitude variation of
scintillation activity which can be simulated. In a study of in-situ
measurements of equatorial F-region irregularities Basu, Basu and
Khan(ref.19) deduce, from their 0GO-6 retarding potential analyser data, a
magnetic latitude versus geographic longitude contour map of the
percentage occurrence of scintillation activity. The deductions are based
on the scintillations > 4.5 dB expected from the data at 140 MHz between
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1900 and 2300 LMT during the period November and December 1969 and 1970
when Ap <12. The contour map shown in figure 9(b) 1is obtained when the
present model is used to simulate their result which is reproduced in
figure 9(a). The simulation is a detailed one in that the statistics are

obtained from scintillation index wvalues calculated from the model for
each half hour throughout the period, taking the observed values of Kp and
sunspot number into account.

Comparison of figures 9(a) and (b) shows that the model reproduces the

main features of the experimental (though indirect) longitude
distribution. A discrepancy involves the magnitude of the secondary
occurrence peak at about 170° W; the model suggests this rises to 80%
while the observations imply a 409 occurrence. It will be recalled that

the lack of observations in this longitude range in the Lyon, Skinner and
Wright(ref.28) study, made choice of a mathematical, description for the

longitude variation difficult (Sectiomn 5.1). The observations of Basu,
Basu and Khan(ref.19) suggest that while a double peaked Ilongitude
distribution is appropriate, the peaks, rather than being of equal
magnitude, should involve one over the mid-Pacific area which is smaller
than that over Africa. This point will be considered further in Section
8.

7.2 The temporal and magnetic variations

The model put forward here differs from that of Fremouw and Rino(ref.2)
in the equatorial region, not only in terms of variations associated with

longitude but also in terms of diurnal, seasonal, sunspot-cycle and
magnetic activity variations. To test the model's ability to deal with
these latter variations some spread-F data reported by Cole and
McNamara(ref.39) have been simulated. Figure 10(a) reproduces their
spread-F occurrence data for Vanimo (2.7°S, 141.3°E, 11°S magnetic), while
figure 10(b) presents the simulation. It should be noted that the

simulation is a detailed one. The spread-F probability is calculated from
the model for each half hour of each day, taking the observed values of Kp
and sunspot number into account. These data are then used to compute the
diurnal and seasonal variations in the usual way.

Comparison of figures 10(a) and (b) shows that the experimental diurnal
and seasonal distributions are well predicted by the model. In years
where the equinoctial peak is higher and more persistent throughout the
night at one equinox than at the other, the model makes a corresponding
prediction. This suggests that the modelled magnetic variation is
functioning correctly as this is the variation most likely to be operative
in this regard. However, the sunspot cycle variation is not as faithfully
modelled. The period examined spans a peak of the sunspot cycle. At the
peak (1967-1970), the levels are accurately predicted. However, as the
sunspot number decreases in 1971 and 1972, the predicted levels of
occurrence fall off more slowly than the experimental levels. Possible
reasons for this are discussed in Section 8.

8. DISCUSSION AND CONCLUSIONS

A number of modifications to Fremouw's model of F-layer irregularity
strength have been proposed in order to force the model into agreement with a

considerable body of scintillation and spread-F data. Particular attention
has been paid to the equatorial region where the original model was
particularly lacking. However, the original mocdel also has been updated in

the other latitude regions in accordance with the findings of other studies.
A concise statement of the proposed model, which is thus generally applicable,
is given in the Appendix I.

In Section 7.1 reference was made to the discrepancy between the magnitudes
of the predicted and observed occurrence peaks at 170°W as indicated in figure
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9. The double peaked distribution adopted (equation(20)) in Section 5.1 with
two peaks of equal magnitude may require modification. However, the lack of
observational information in one of the longitude regions involved, namely the
mid-Pacific region, mitigates against improving the model in this respect.
Since the indirect scintillation data of Basu, Basu and Khan(ref.19) applies
only to southern solstice and sunspot maximum conditions, it does not provide
sufficient information at this time to justify changing the model adopted.
The exact form of the longitude variation and its changes with season and
sunspot cycle, if any, represent the biggest single wuncertainty in the
proposed model. More observational information in the Pacific equatorial
region will be required to resolve this uncertainity.

It 1is interesting to note in passing that the two peaks occur at the
longitudes where the magnetic equator crosses the geographic equator. This
suggests perhaps, that these are two influences bearing on the occurrence of
the irregularities, one associated with each of the equators and that these
influences reinforce where the equators cross. If this is the case, it will
not be surprising if the resulting peaks have different natures because of the
different configurations of the two equators at the two crossing points. Over
the Pacific the equators approach each other gradually over a much larger
longitude range than is the case over the Atlantic.

Another area where the proposed model may require refinement is suggested
in Section 7.2. The comparison of figures 10(a) and (b) indicates that the
detailed predictions of the model may be lacking as the sunspot cycle moves
away from its peak. It will be recalled that the model relies heavily on the
1.G6.Y. observations of Lyon, Skinner and Wright(ref.28) and, as these are for
sunspot maximum conditions, this finding is perhaps not surprising. Another
factor which must be borne in mind here is that Vanimo, at 11° S magnetic
latitude, is on the edge of the equatorial region of high activity and hence
will be very sensitive to the variations of the equatorial region's width and
centre position which were both modelled with the aid of the I.G.Y. data.
The other successful simulations obtained away from the sunspot maximum (e.g.
figure 4) attest to the general reliability of the model in the equatorial
region throughout the sunspot cycle. Again this question of detail will only
be resolved with the aid of more experimental data.

Regardless of these weaknesses, the model 1is a vast improvement on that
originally put forward by Fremouw and Bates(ref.1) and Fremouw and
Rino(ref.2). The proposed improvements to the model, not only enhance its
usefulness as a simulation technique in engineering studies of propagation
configurations affected by F-region irregularities, but should also provide
impetus to the nunderstanding of the physics of the irregularities. This is
especially true of the areas of magnetic activity control, irregularity layer
thickness, and the duirnal, seasonal, longitudinal and sunspot cycle
variations of irregularity occurrence and strength.
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APPENDIX I
THE PROPOSED MODEL
The following is a concise statement of the scintillation index and spread-

F versions of the model which result from the present investigation.
The scintillation index 5, is given by

L ,
s, = 2% F£(6)
where
¢, = ET‘”Z(rex)_«.N(Ahoc)’”Z/:z’ﬁ(ﬁko)’f] secx)’

F = g\l-exn(-.u)}i/z
£(8) = (3% +2° +3)"2/{z(z)”2}
@ = (7\z/2:7r)ko2
B%= cos? Y + a.?sin? v
The probability of occurrence of spread-F is given by

Pe= 50 BE-erf{\,z (Af C/Afo--ll)} ]

where

At = 8.98x10"6{ (N + AN)E -N3 %

The parametric variations which constitute the models are

as follows:

The elongation factor @ is given by

a = 10-2.5|1 + erf{k0-35)/10:}_J
The effective thickness Ah is given by

Ah = 10 A¥trs/T1s)

The blackout factor B is given by

B = (1 + Alfos {Zw(t-r)/ﬂp}— 1 1|

+ C[%os{%ﬂ(t-r)/24}«£]>exé l(e-ec)z/eﬁf}
where

A = (0.14-0.000275R) E}(O.7857“0.000987R)COS{ZW(D+10)/365}
-(0.2143-0.000777R)(:05{41r(1)+10)/365} :l

C = (0.025+0.0003R)r;+(2”0.01R)COS{%F(D+10)/36%}

+(1-0.01R)cos 47r(])+10)/365} :|
T = (2.75+0.005R) 1+0.0073Rcos’ZW(D+10)/365}

7 +(0.091+0.0032R)cos{%ﬂ(D+10)/365:}:}
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D
]

C (66.25-0.0063R) 1+(0.0377-0.0096R)cos{%F(D+10)/365]

1

+(0.0189-0.00048R)cos{%N(D+10)/365:} ~J

>
I

(229.5+0.019R) 1+(0.6144-0.00021R)cosi?w(D+10)/365}
—(0.307-0.00011R)cos{%W(D+10)/365 } :]

The F-layer peak electron density N 1is given by a model due to Chiu
(ref.32) and the incremental electron density in the irregularities AN is
given by:

AN = meANe (R,D,t,B,Q,SK)+mmANm(t,0)

+mhAN-h (t,Kp,6 )+maANa (t,R,0)

where
m, = 3.2 - 0.011R
m, = 8.6 - 0.032R
mh = 11.0 - 0.041R
m = 15.0 - 0.066R
: , |
A Ne = 5.5x10° FdF F _(1+0. 05R)exp{ (6+0 )2 ’(6 +A 0 ) J

>
2
I

6.0x10% 1+0.4cos(ﬂt/12{3exp;:(9-00) /an }

| = 2.7x10%1verf (e-eb)/oh}J

5.0x10"R exp|-{0-70+2cos(mt/12) " /{0.03R
|
F, =10 exp{E(t/3)1J+exp[§Et-tm)/r >/1&1+t13/718)/2

>
2
I

>
2
I

FS =P{1 + ScosSZ-Hcos(ZSl)}
FK = FC forO<SK<BK
= F-A (S ~B ) for B XS <(B + F /A )
= 0 for 8.5 (BKfFC/AK)
Bd = VL} AVcos{?w(D+10)/36% SVcosLén(D+10)/365}:}
§ = -11.5R + 34.5

. g K

A0 = T{}-ATcos{?n(D+10)/36%} STcos{%ﬂ(D+10)/3&5}i]
e

= -0.085R + 49

> >
I |

6.75 + 0.0165R-(3.25-0.0165R)cos (2nD/365)

b 68-[?.75+0.25cosg%(t-ZI)/lé}:kp—7.5cos§%(t~21)/12 }

h 7 - 3cos{%(t-21)/12]

21.5 +0.0025R

S >
1} 1]

-t
1l

6.0 + 0.005R

-
]
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q = 2.0 + 0.035R

Tis= 18.0 + 0.06R

P =0.628 1+O.170cos\2w(D+10)/365 0.402cos{éﬂ(D+10)/365}i]
S = -0.08| 1-1.375cos| 27 (D+10) /365 1.25cosé§ﬂ(D+10)/365

R
H=0.5 1+0.08cos{?ﬂ(D+10)/365}+0.06cos{éﬂ(D+10)/365j

K
V = =-0.508-1.74cos +3.30sin §)

B = lwAKcos{?ﬂ(D+10)/365j%SKcos{%ﬂ(D+10)/365 j:}

SV = (-0.873-1.13cos 2+3.47sin 2)/V-1
AV = (-2.721-5.78cos §2+5.0 sin §2)/V
T = 4.86+3.14cos {2-0.994sin §2

ST = (6.16+6.84cos §2-3.72sin£2)/T-1
AT = (1.98-0.98cos 2~1.75sin2)/T

K = 24.61+6.88cos £1-6.89sin {2

SK

(22.57+8.43cos £2-6.87sin §2) /K~-1

AK

(-1.09+2.09cos §2+45.72sin ) /K

Definitions of quantities not specified in the above can be found in the
main text.
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Figure 2. Magnetically quiet and disturbed levels (circles and crosses
respectively) of scintillation observed at Accra and spread-F
occurrence at Ibadan under sunspot maximum conditions. The
curves illustrate the modelled distributions.
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Figure 3. Magnetically quiet and disturbed levels (circles and crosses
respectively) of spread-F occurrence at Ibadan in each of
the seasons at sunspot maximum. The curves illustrate the
modelled distributions.
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Figure 4. Magnetically quiet and disturbed levels (circles and crosses
respectively) of scintillation observed at Accra and spread-F
occurrence at Ibadan under sunspot minimum conditions. The
curves illustrate the modelled distributions.
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Figure 9. Estimates of the occurrence of scintillations > 4.5 dB
over the equatorial region based on (a) 0GO-6 data and
(b) the irregularity model.
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Figure 10. Contour plots of the monthly percentage-occurrence
rates of spread-F at Vanimo as a function of local
time and month of year.
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